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Abstract
Background and aims Intense rains are becoming more
frequent. By causing waterlogging, they may increase
soil erosion and soil surface compaction, hamper seed-
ling establishment, and reduce plant growth. Since
anecic earthworms make vertical burrows that improve
water infiltration, we hypothesised that they can coun-
teract such disturbance.
Methods In a field experiment, intact soil mesocosms
with ryegrass (Lolium multiflorum), with or without
introduced adult Lumbricus terrestris, underwent either
a precipitation regime with two intense rain events
(36 mm, at beginning and end of spring), or a control
regime with the same cumulative rainfall but no intense
events. Short-term response of soil moisture and lagged
response of plant growth were measured, and soil
macroporosity was quantified.
Results Intense rains reduced ryegrass shoot biomass
(by 16–21 % on average) only in the absence of earth-
worms. Waterlogging duration aboveground was not
affected, whereas soil moisture contents after intense
rainfall tended to drop faster with earthworms present.
Continuous vertical macropores were found only in the
mesocosms to which earthworms had been added. The
number of such macropores was 2.4 times higher under
the intense precipitation regime, despite similar earth-
worm survival.
Conclusions We found that anecic earthworms can off-
set negative effects of intense rainfall on plant growth
aboveground. Underlying mechanisms, such as
macropore formation and enhanced nutrient cycling,
are discussed. We also observed that altered precipita-
tion patterns can modify earthworm burrowing behav-
iour, as earthworms had produced more burrows under
the intense regime.
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Introduction
Climate change does not only entail shifts in long-term
trends, but also variations in the frequency and magni-
tude of intense weather events (IPCC 2013). According
to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC 2013), the chance of
heavy rains and flooding is increasing globally, as pre-
cipitations will be Bconcentrated into more intense
events, with longer periods of little precipitation in
between^. The ecological consequences of such events
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are more difficult to predict than those of gradual shifts in
averages, but may be no less critical (Jentsch et al. 2007;
Reyer et al. 2013). So far, drought has been given more
attention than intense rainfall (Beier et al. 2012), but both
can havemajor effects on soil and plants. Excessive water
may cause anoxia in the rhizosphere and hinder nutrient
uptake by plants (Sairam et al. 2008), which is especially
detrimental to seedlings (Cannell et al. 1980).
Waterlogging caused by excessive rain can decrease plant
growth to the point of seriously reducing agricultural
yields (Cannell et al. 1984; Rosenzweig et al. 2002).
Common technical solutions, for instance artificial drains,
are costly and often ineffective (Setter and Waters 2003).
Moreover, the use of heavy agricultural machinery on
wetter soils may cause soil compaction, making the soil
even more prone to waterlogging (Batey 2009) and re-
ducing soil workability and trafficability. However, soil
organisms can improve the resistance and resilience of
soil against disturbance, for instance by enhancing soil
structure (Brussaard et al. 2007). It has therefore been
suggested that agricultural practices that stimulate soil
biodiversity, such as increased crop diversity, reduced
tillage and continuous soil cover, could help mitigate
the effects of climate change (de Vries et al. 2012;
Scherr and McNeely 2008).
Among the enormous variety of life forms in soil,
anecic earthworms may be particularly important in ame-
liorating the effects on soil and plants of intense rains.
These large-bodied, detritivorous invertebrates modify
their habitat and that of other organisms including the
availability of resources (e.g., nutrients, rooting space),
thus acting as ecosystem engineers (Jones et al. 1994). In
particular, they dig vertical burrows that are connected to
the soil surface and can act as preferential pathways for
water flow and gas diffusivity (Edwards et al. 1990;
Capowiez et al. 2009; Clements et al. 1991; Spurgeon
et al. 2013). Such burrows are considered semi-
permanent structures, since they can exist beyond the
individual that produced them (Shipitalo et al. 2004).
Once abandoned, they are often reutilized by other earth-
worm individuals or colonized by plant roots (Nuutinen
2011). Where anecic earthworms occur, their burrows
make a major contribution to soil macroporosity, as sug-
gested by correlations between the density of earthworms
and macropores (Francis and Fraser 1998; Lamandé et al.
2011). The role of these macropores to downward water
flow may be relatively small under moderate soil moisture
conditions (though not necessarily negligible – Nimmo
2012), but becomes more important as the soil approaches
water-saturated conditions (Pitkänen and Nuutinen 1998).
In fact, Spurgeon et al. (2013) showed that across several
studies the biomass of anecic earthworms was positively
correlated to water infiltration even after accounting for the
role of tillage and soil type. Moreover, anecic earthworms
promote plant growth through mechanisms other than
burrowing, for instance by increasing N mineralization
from plant residues and stimulating soil microbial activity
(van Groenigen et al. 2014). Therefore, earthworms could
sustain plant growth against intense rainfall disturbance by
making macropores and thus enhancing the ability of the
soil to take in water, as well as through positive effects on
soil N availability and microbial communities. Such
mechanisms are difficult to disentangle, as soil physical
and biochemical changes due to earthworm activity are
intrinsically interrelated.
In this study, we testedwhether anecic earthworms can
indeed ameliorate the detrimental effects of intense rains
on soil and plants. To our knowledge this hypothesis has
not been tested experimentally, although Chaudhry et al.
(1987) found that under very wet soil conditions in a
barley field earthworms improved drainage and oxygen
diffusion rate, and as a result promoted the establishment
of barley seedlings. No other study seems to have dem-
onstrated a link between direct effects of earthworms on
water infiltration and lagged (i.e., delayed) effects that
may become apparent days or weeks after the distur-
bance, such as enhanced plant growth.
We performed a field experiment under ryegrass
monocultures to test whether the presence of the anecic
earthworm Lumbricus terrestrismodulates the response
of soil and plants to intense rain events. We
hypothesised that earthworm presence would counteract
the disturbance caused by the intense rainfall: (1) in the
short term of hours to days by increasing soil intake of
excess surface water; and (2) over a longer term
(1 month) by offsetting disturbance-driven reduction of
plant growth.
Materials and methods
Study site and experimental design
The study was performed from November 2013 to
July 2014 in a long-term conventionally managed arable
field, with a loamy-sandy soil of pH 5.5 and organic
matter content of 2 %, located in Wageningen
University Droevendaal farm, in the Netherlands
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(51°59′20.60″N, 5°38′59.51″E). The field had been cul-
tivated with wheat but had no standing crop when it was
last ploughed, to 25 cm depth, in November 2013.
Previous field measurements showed that anecic earth-
worms were absent from the field, and no signs of their
presence (such as surface casts or middens) were detect-
ed before ploughing.
On 22 November 2013, 28 mesocosms were
established by inserting PVC cylinders (30 cm diameter,
40 cm high) into undisturbed soil to a depth of 30 cm,
spaced 2 m apart in a regular grid (7×4). The distance
between mesocosms, and the PVC enclosures, ensured
independence of replicates. Within each grid row,
mesocosms were randomly assigned to four treatments,
i.e., two precipitation regimes crossed with two earth-
worm levels in a factorial design: with experimental
intense rain events (+R) or without (–R), and with intro-
duced L. terrestris (+L) or without (–L). More replicates
were given to the two +L treatments to assess earthworm
survival during the experiment. Thus, final sample size
was n=7 for +R+L and –R+L, and n=5 for +R–L and –
R–L; the remaining four mesocosms were used to test the
rainfall simulation methods before the main experiment.
One week after field installation, adult L. terrestris pur-
chased from a commercial supplier were added, with four
individuals in each +L (18.9±0.5 g S.E. fresh weight per
mesocosm, equivalent to 270 g m−2). Velcro strips were
glued to the inner edge of themesocosms to prevent escape
(Lubbers and van Groenigen 2013); escape belowground
was possible but unlikely, as L. terrestris mostly digs
vertically and disperses over the soil surface (Mather and
Christensen 1988). To provide food and shelter, a mixture
of Acer spp. and Fraxinus excelsior leaf litter (collected in
November 2013) from a nearby forest floor and thorough-
ly mixed) was placed on the soil surface in all mesocosms
(54±1 g dryweight each). Themesocosmswere left in situ
until March 2014 to allow earthworms to acclimatise and
make burrows.
The remaining leaf litter was removed early in
March 2014, and semi-liquid cattle manure (in dry
matter: 5.0 % N, 2.2 % P2O5, 7.1 % K2O, dry matter
content 20 %) was applied (20±1 g dry weight per
mesocosm, equivalent to 140 kg N ha−1). This was done
more than 1 month before seeding, to ensure that the
plants would not be N-limited during the experiment,
allowing natural incorporation into soil through rainfall
and activity of resident invertebrates in all mesocosms.
In the last week of March, access tubes for the
insertion of a time domain reflectometry (TDR)
moisture probe (TRIME T3, IMKO GmbH, Ettlingen,
Germany) were installed outside six randomly chosen
mesocosms (n=3 each for +R+L and +R–L). The tubes
were inserted outside the mesocosms at an angle of 55°
to the soil surface, so that the probe would measure soil
moisture directly below the cylinders at 35 cm soil
profile depth, without disrupting the soil above. On 24
April 2014, ryegrass (Lolium multiflorum var. Sultano)
was seeded in all mesocosms (2.5 g seeds each).
Mesocosms were inspected twice a week, and any weed
seedlings growing inside or≤0.5 m around were re-
moved manually.
Rainfall manipulation
In addition to natural rainfall, all mesocosms received
water through experimental irrigation, applied manually
with a horticultural watering can with rose from a fixed
height (50 cm). The cumulative amount was the same for
all treatments, but the number and intensity of artificial rain
events differed as follows: two intense showers, each
equivalent to 36 mm, were simulated in +R, whereas the
same total was spread over ten small events in –R (Fig. 1).
The latter events were not intense enough to cause ponding
on the soil surface. Natural daily rainfall of 36mm ormore
occurred 22 times during the previous 30 years in
Wageningen; in comparison, events of 34 mm or more
are expected to increase in frequency by 6 % in the
Netherlands by the year 2100, although there are large
uncertainties in the estimate (Wijngaard et al. 2005). The
first intense rain was simulated on 28 April 2014, when
ryegrass seedlings started to emerge, and the second on 12
June. All mesocosmswere coveredwith transparent plastic
when very intense or prolonged rains were forecast (on 9
and 12 May, 5 June, and 22 July 2014). Taking into
account both natural and simulated rains, and excluding
rains during covering, total rainfall during the experiment
was approximately 520mm (14%ofwhichwas artificial),
close to the average for the period throughout the previous
30 years (551 mm). All precipitation data were obtained
from the Royal Dutch Meteorological Institute (http://
www.knmi.nl/klimatologie/monv/reeksen/select_rr.html,
weather station BWageningen (Pd)^, 51°58′00″N, 05°39′
00″E).
Data collection
During the intense rain events, the duration of
waterlogging aboveground (that is, the time it took for
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water ponding on the soil surface to disappear) was re-
corded in each +R mesocosm. After 3 and 24 h, soil
moisture (vol. %) at 35 cm depth below three +R+L and
three +R–L mesocosms was measured with the TDR
probe. On 2 June, 1 month after the first +R event,
ryegrass shoots were cut at 5 cm height (not at ground
level to avoid overly destructive harvesting), oven-dried at
50 °C for 72 h, and weighed (+R+L and –R+L, n=7 each;
+R–L and –R–L, n=5 each). Three days after the first
ryegrass sampling, 0.2 % allyl isothiocyanate (AITC) was
applied to two randomly chosen +L mesocosms (one+R
and one –R) to extract earthworms and gauge the survival
rate. In these mesocosms, earthworm abundance had de-
creased by 50 %, and total biomass by 35 %. These
mesocosms were excluded from further analyses.
On 10 July 2014, 1month after the second +R event, all
ryegrass biomass aboveground was harvested. A week
later, earthworms were extracted with AITC (+R+L and
–R+L, n=6 each). AITC was also applied to the –L
mesocosms to ensure that they were earthworm-free and
to avoid biases in the subsequent analyses (+R–L and –R–
L, n=5 each). Earthworms were confirmed as L. terrestris
and weighed. On 23 July, the mesocosms were unearthed
and carefully transported to a cold room (4 °C). Over the
next week, numbers of burrow openings and earthworm
casts on the soil surface were recorded. Then, the outer
cylinders were removed, and horizontal soil sections were
cut at three depths (10, 20 and 30 cm). Visible macropores
at the surface of each section were counted, and their
vertical continuity was assumed if they were positioned
on top of each other. The soil was subsequently hand-
sorted to collect earthworms. Sub-samples of the oven-
dried plant material were analysed for C and N concentra-
tions with an elemental analyser (LECO TruSpec, St.
Joseph,MI, USA), and ryegrass C:N ratios were calculated
to assess whether earthworms and/or rainfall regime affect-
ed N uptake in shoots (e.g., N losses by leaching through
macropores during the intense rainfall might have been
reflected in increased plant C:N ratio in the +L+R treat-
ments, in addition to or instead of reduced plant growth
and N mineralization).
Statistical analyses
The interactive effects of precipitation regime and earth-
worm presence on plants were assessed in linear models
with a normal distribution, using ryegrass aboveground
biomass (g dry weight) or C:N ratio as response variable
and treatment as explanatory variable, separately for the
two harvests. The effects of precipitation regime on
density (per m2) of continuous macropores and earth-
worm biomass (+L only) and the effects of earthworm
presence on waterlogging duration (+R only) were
assessed in linear models. The effects of precipitation
regime on the number of earthworms retrieved at the end
were assessed in generalized linear models (GLM), with
a Poisson distribution and a log link function. Treatment
statistical significance was assessed with F-tests (linear
Fig. 1 Weekly rainfall during the
experiment, from the week before
seeding to the second plant
biomass collection, under two
experimental precipitation
regimes. The grey part of each bar
shows the artificial rain that was
provided to the mesocosms, either
as ten moderate events (–R) or as
two intense events (+R, identified
with arrows). The dashed lines
show the average weekly rainfall,
which was the same in the two
regimes
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models with normal distribution) or χ2 tests (Poisson
GLM). Means and standard errors were estimated from
the models, together with associated t-tests and p-values
to compare the treatments; p-value adjustments to avoid
inflation of type I error rate (e.g., Tukey HSD test) were
considered unnecessary, given the low number of
pairwise comparisons (max. 6). Model distributional
and variance assumptions were checked by visual in-
spection of the residuals (Zuur et al. 2010 and references
therein). If needed to avoid heteroskedasticity, a special
variance structure was used to allow a different variance
in each treatment (R function ‘varIdent’, Pinheiro et al.
2014).
Correlations between earthworms retrieved at the end
of the experiment (either as abundance or biomass) and
final plant growth, and between earthworms and
macropores, were tested using Spearman rank-order
correlation (rs).We calculatedmeans and standard errors
of soil moisture at 35 cm depth, but refrained from
testing treatment effects, as those data were only avail-
able for six mesocosm units (n=3 per treatment), and we
only interpreted them tentatively in the light of other,
more robust data (e.g., on macropores). All statistical
analyses were performed in R 3.1.0 (R Development
Core Team 2014). Results are presented as mean±stan-
dard error.
Results
Plant response to intense rain and earthworm presence
One month after the first intense rain event (Fig. 2a),
aboveground plant biomass was lower in +R than in –R
treatments (on average –17 %), but the effect depended
on earthworm presence (rainfall × earthworm interac-
tion, Table 1). L. terrestris increased plant growth, with
grass shoot biomass being 23 % larger in +L than in –L,
an effect mainly driven by the difference between treat-
ments +R–L and –R+L (5.60±1.08 vs. 8.88±0.69 g, p=
0.006). Plant biomass in +R–Lwas also less than in +R+
L (7.55±0.98 g), although not significantly at the 5 %
probability level (p=0.08), whereas there was more
overlap between –R+L and –R–L (p=0.11).
The ameliorating effects of earthworms on plant
growth were more evident after the second event
(Fig. 2b): intense rainfall reduced plant growth only in
the absence of L. terrestris (rainfall × earthworm inter-
action, Table 1). Grass biomass in +R–L (10.07±1.14 g)
was significantly smaller than in +R+L (12.45±0.77 g,
p=0.04) and –R+L (13.45±1.08 g, p=0.008), while
there was no difference between +R+L and –R+L (p=
0.41).
Plant C:N ratio was not affected by precipitation
regime or earthworm presence in either sampling
(p>0.10). The ratio was much higher in the second
sampling (ranging from 28.9 to 48.8) than in the first
(ranging from 20.1 to 27.9), a change driven by a strong
decrease in N concentration (from 18.0 to 10.9 g kg−1 on
average) as the N-rich seedlings developed into matur-
ing swards.
Earthworm responses to intense rain
Of the inoculated L. terrestris, 40 % were retrieved at
the end of the experiment. No other earthworm species
were found except sporadic individuals of Aporrectodea
caliginosa (small soil-feeding earthworms with body
mass<0.5 g); at higher densities these earthworms could
have affected soil structure and plants, but in this study
they were too rare to have any substantial effect. Plant
biomass in +L mesocosms was not correlated to earth-
worm abundance (rs=0.14, p=0.66), nor to biomass
(rs=0.16, p=0.61), suggesting that the positive effect
of L. terrestriswas not an artefact induced by earthworm
mortality, i.e., it was not an unwanted Bfertilizer^ effect
of dead individuals. In fact, at the end of the experiment
there was no difference between +R+L and –R+L with
respect to earthworm numbers or biomass (Table 1),
which entails a corresponding lack of difference in the
small amounts of N released from the dead earthworms
(mean per mesocosm 0.12 g in –R+L vs. 0.10 g in +R+
L, estimated based on earthworm body N content of
10.1 % [Schmidt 1999]).
Earthworm effects on soil structure and moisture
Continuous macropores were found only in +L
mesocosms, and their size and shape corresponded to
L. terrestris burrows. They were 2.4 times more abun-
dant in +R+L than in –R+L (Table 1), and ranged from
none to three per mesocosm. There was no significant
correlation between the number of macropores and the
abundance (rs=0.36, p=0.51) or the biomass (rs=0.20,
p=0.25) of earthworms at the end of the experiment.
Although some soil detachment from the cylinder walls
was detected, earthworm activity was not concentrated
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Fig. 2 Means and standard errors of ryegrass (L. multiflorum)
shoot biomass (g dry weight per microcosm) in mesocosms with
the anecic earthworm Lumbricus terrestris (+L, black circles) or
without (–L, white circles), under two precipitation regimes (+R
and –R, see Fig. 1). Biomass was measured (a) 1 month after the
first intense rain event (in the+R mesocosms), and (b) 1 month
after the second event. Different small letters above the error bars
mark differences between treatments that were statistically signif-
icant at the level of p=0.05, as tested by linear models, separately
in (a) and (b)
Table 1 Summary of outcomes of F-tests of general linear models and χ2 test of a Poisson generalized linear model
Waterlogging duration aboveground (surface ponding) induced by simulated intense rainfall
Source of variation F P Treatments (n)
First event Earthworm presence 0.13 0.72 +R+L (7), +R–L (5)
Second event Earthworm presence 0.19 0.68 +R+L (6), +R–L (5)
Plant shoot biomass 1 month after the simulated intense rain events
Source of variation F P Treatments (n)
First event Rainfall × Earthworm interaction 3.19 0.04 +R+L (7), +R–L (5), –R+L (7), –R–L (5)
Rainfall regime 3.53 0.08
Earthworm presence 6.52 0.02
Second event Rainfall × Earthworm interaction 3.11 0.05 +R+L (6), +R–L (5), –R+L (6), –R–L (5)
Rainfall regime 2.92 0.10
Earthworm presence 6.36 0.02
Earthworm response at the end of the experiment
Source of variation F P Treatments (n)
Survival Rainfall regime 0.47 0.49 +R+L (6), –R+L (6)
Biomass Rainfall regime 2.31 0.16 +R+L (6), –R+L (6)
Number of vertical macropores found at the end of the experiment
Source of variation χ2 P Treatments (n)
Macroporesa Rainfall regime 8.45 0.02 +R+L (6), –R+L (6)
The rightmost column shows the treatments being compared for each model and their sample size (n)
a No vertical macropores were found in –L mesocosms
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along the walls, as only 13.8 % of the burrows were
visible at the mesocosm perimeter.
After the first intense rain, visual aboveground
waterlogging duration ranged from 60 to 605 s, with
no consistent difference between +R+L and +R–L (144
±47 vs. 182±106 s, Table 1). The same was found after
the second intense rain event, with a duration of 45–
312 s, and no effect of earthworm presence (+R+L 117±
30 s, +R–L 142±50 s, Table 1). On the other hand, soil
moisture at 35 cm depth was the same in the two treat-
ments 3 h after the first rain event (18.9±0.7 and 18.0±
3.5%, n=3 each), whereas 24 h later it had decreased in +
R+L (15.3±1.9 %) but not in +R–L (18.8±2.6 %), sug-
gesting that earthworm presence triggered a faster de-
crease in soil moisture (Fig. 4). This would be consistent
with the presence of macropores only in +L mesocosms
(see above), but is nonetheless only a tentative explana-
tion, as no statistical inference could be made on soil
moisture data.
Discussion
Earthworms promoted plant growth and modified soil
physical structure
We showed that the anecic earthworm L. terrestris can
buffer the soil–plant system against the effects of intense
rain events. Earthworms counteracted the adverse ef-
fects of intense precipitation on model ryegrass
mesocosms, partially (first+R event, Fig. 2a) or fully
(second+R event, Fig. 2b) offsetting rain-induced reduc-
tion of aboveground plant biomass. Soil moisture data
from 35 cm depth suggest that water flow belowground
was improved by earthworm presence after 24 h
(Fig. 4). This interpretation should be taken as tentative,
because soil moisture was measured only under six
mesocosm units, but is nonetheless consistent with the
presence of macropores only in mesocosms with added
L. terrestris (+L). We recognize that our irrigation tech-
nique did not realistically simulate the small-scale im-
pact of raindrops, but we argue that it was adequate for
the aims of the study.
Waterlogging duration at the soil surface was not
clearly affected by earthworm presence. A reason could
be that the water input was not enough to approximate
saturation. It should be noted, however, that water infil-
tration is highly heterogeneous in space (Hassler et al.
2014), and that the experiment was performed in intact
soil, rather than in a homogenised substrate. Water in-
filtration may indeed be unpredictable even under high-
ly controlled conditions: for instance, in a greenhouse
experiment that simulated a heavy rainfall event similar
to ours (40 mm), anecic earthworms increased water
infiltration (Zaller et al. 2011), but the effect was not
repeatable in a subsequent experiment with similar
methodology (Zaller et al. 2014).
Only 40 % of the inoculated earthworms were recov-
ered at the end of the experiment, indicating mortality,
inefficiency of AITC extraction from deep soil, or
(though less likely) escape despite the Velcro strips.
Escape belowground cannot be excluded either, al-
though it would imply that the earthworms burrowed
not only vertically but also horizontally below the
mesocosms, and no signs of such activity were observed
inside the mesocosms. Notably, vertical macropores
were found also in +L mesocosms where no earthworm
was retrieved, indicating that the missing earthworms
had been active during the experiment. Those
macropores were considered burrows formed by
L. terrestris, as no such structures were found in any –
L mesocosm. In +L there was no correlation between
number of burrows and earthworm abundance or bio-
mass, suggesting that some earthworms shared a
burrow.
There were on average more than twice as many
burrows in the intense rain regime as in the control
regime, despite no corresponding difference in the num-
ber of earthworms retrieved at the end of the experiment
(Fig. 3). Assuming that any missing individuals had
died during the experiment, this indicates that the earth-
worms were digging more burrows under the intense
rain regime. This was an unexpected and novel finding:
although earthworms are known to react to intense
rainfall by obstructing their burrows temporarily (Ela
et al. 1992), we are unaware of any previous study in
field conditions that showed increased burrowing be-
haviour in response to increased soil moisture or
intense rain. Such increased burrowing activity could
be due to a facilitative effect of intense rainfall (i.e.,
conditions were favourable for digging), or on the
contrary it could indicate that the earthworms were
stressed by the disturbance and tried to escape or
improve their habitat conditions. Regarding
L. terrestris survival and growth, it has been shown
that high soil moisture may be favourable (Berry and
Jordan 2001), while prolonged flooding is detrimen-
tal (Fournier et al. 2012).
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How did the earthworms counteract negative effects
of rain on plants?
The supposedly faster decrease of soil moisture after the
intense rain event in the presence of earthworms (Fig. 4),
coupledwith the lack of vertical macropores in earthworm-
free mesocosms, suggests that L. terrestris counteracted
the rain-induced disturbance of plant growth by enhancing
water drainage through burrow formation. Water flow in
macropores is considerably faster than inmatrix soil (Jarvis
2007), and early experimental work showed that earth-
worm presence can prevent waterlogging (Guild 1955).
On the other hand, it is possible that the intense rainfall
disturbance did not induce anoxia in the rhizosphere, as
waterlogging duration aboveground was not affected by
earthworm presence.
Therefore, other mechanisms not necessarily related to
physical soil structure might also have been involved, or
even may have dominated. In particular, earthworms may
have improved the availability of N to plants (van
Groenigen et al. 2014), for instance by incorporating the
surface-applied manure into the rhizosphere and releasing
N through mucus and casts, stimulating microbial activity
and turnover (Postma-Blaauw et al. 2006). It is possible
that earthworm-enhanced N availability to plants more
than compensated for any leaching induced by intense
rainfall; but L. terrestris usually increases N losses
through leaching (Domínguez et al. 2004; Costello and
Lamberti 2008; Zaller et al. 2011). To ensure that the
plants would not be N-limited during the experiment, we
had fertilized all the mesocosms with manure more than
1 month before seeding. Although plant C:N ratio
Fig. 3 Percentage of the
introduced L. terrestris
individuals found at the end of the
experiment (triangles), and
density of continuous vertical
macropores (circles) in the two
precipitation regimes (+L
treatment only). The p-values
refer to the comparison between
the two R regimes, and are based
on a Poisson GLM and a general
linear model, respectively
Fig. 4 Soil moisture (vol. %)
35 cm below a subset of the+R
mesocosms (n=3 +R+L, n=3
+R–L), as measured with a TDR
probe 3 h (left) and 24 h (right)
after the first rain event. The thick
lines in the boxes show the
medians and the dots show the
means, while the bars outside the
boxes delimit the interquartile
range
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increased with time (from 28.9 to 48.8), precipitation
regime and earthworm presence did not induce variation
in C:N ratio or N concentration. We emphasize that the
positive impact of earthworms on plant growth was not an
artifact caused by a fertilizing effect of dead individuals:
plant biomass was not larger in mesocosms with higher
earthworm mortality, nor was there a (negative) correla-
tion with earthworm numbers at the end of the experi-
ment. We did not examine the response of the plants
belowground, as earthworms usually do not alter propor-
tional biomass allocation in shoots vs. roots (van
Groenigen et al. 2014), but it should be noted that roots
themselves can affect water flow in soil.
It is difficult to disentangle physical and biochemical
effects of anecic earthworms on plants, as they are
bound to co-occur. However, the positive effects of
earthworms on plant growth through enhanced nutrient
cycling are expected to decrease in importance with
increasing soil fertility (van Groenigen et al. 2014),
although this is not always the case (Laossi et al.
2010). Therefore, to determine whether anecic earth-
worms counteract the effects of intense rains on plants
through burrow formation, enhanced nutrient availabil-
ity, or yet some other mechanism (e.g., release of
hormone-like substances – Puga-Freitas et al. 2012),
future studies could compare model systems with the
same earthworm and plant species but different soil
fertility conditions. A complementary approach could
be to compare treatments with anecic earthworms to
corresponding treatments with the burrows but without
earthworms. Earthworm-free burrows may be obtained
through non-destructive earthworm removal, or by arti-
ficial construction . The first technique would ensure
realism, though perhaps at the cost of non-target legacy
effects, caused by the mucus secreted and the organic
detritus incorporated in the burrows. However, such
biochemical effects are short-lived in the absence of
earthworms (Andriuzzi et al. 2013), while legacy effects
in terms of soil structure are longer-lived, since anecic
earthworm burrows can outlast their makers (Shipitalo
et al. 2004). Future experiments should also attempt to
investigate root growth and development in addition to
plant shoots.
Implications for future studies
Our experiment can be considered a proof-of-concept
study, as it involved a simplified community with a
single plant species, one earthworm species, a single
soil type, comparing just two regimes of precipitation.
The same grass species might have responded different-
ly to equally intense rains with different timing, or in a
different type of soil. We also recognize that, since our
grass swards were young, plant root effects on soil
structure may not have fully established yet, possibly
leading to an overestimation of the earthworm effect. On
the other hand, if a population of anecic earthworms had
been present for a longer time than the few months
between mesocosm establishment and experimental op-
erations, there could have been more and deeper bur-
rows, possibly resulting in a stronger effect.
Our results are consistent with a large body of liter-
ature on the positive effects of anecic earthworms on
soil hydrological conductivity and plant growth
(Spurgeon et al. 2013; van Groenigen et al. 2014).
Nevertheless, caution is needed in extrapolating our
results based on L. terrestris to other anecic species.
While species in this functional group are presumed to
have the same effects on soil macroporosity and water
flow, the assumption is largely untested. Distinct anecic
earthworm species do differ in burrowing activity and
burrow morphology. For example, using X-ray tomog-
raphy on re-packed soil cores, Bastardie et al. (2005)
found that two so-called anecic species did not actually
re-use their burrows, in contrast to L. terrestris.
Furthermore, it has long been known that anecic earth-
worms may obstruct the openings of their burrows with
casts and middens (Darwin 1881), but not all species do
this under the same conditions. For instance, comparing
the burrow systems of L. badensis and L. polyphemus,
Lamparski et al. (1987) found that only the latter pro-
tects the surface openings with middens, making its
galleries less susceptible to drying out. Finally, some
species (e.g., Aporrectodea longa) usually aestivate in
summer even if temperature and moisture conditions are
favourable, while others (e.g., L. terrestris) are active
year-round as long as the soil does not freeze or dry out
(Lee 1985). Knowledge of the ecology of species is
therefore essential to predict their responses to extreme
weather events.
Conclusions
We provide the first experimental evidence that anecic
earthworms can counteract the effects of intense rain
events on soil and plants. Moreover, we found that
earthworms produced more burrows under an intense
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rain regime, suggesting that changing rainfall patterns
could modify earthworm burrowing behaviour. As some
of the strongest ecological and agronomic effects of
climate change will occur through pulse events, rather
than altered average trends, this role of earthworms
needs to be explored further. The combined findings of
many previous studies on the generally positive effects
of earthworms on plant growth and water flow in soil
suggest that our results may apply to other soils and
species, although experimental validation is needed.
Our results point to soil structure modification by earth-
worms (i.e., macropore formation) as a mechanism be-
hind this effect, but the contribution of other co-
occurring mechanisms, such as enhanced nutrient avail-
ability to plants, needs to be elucidated. Moreover,
potential trade-offs between contrasting earthworm ef-
fects should be investigated, for example increased nu-
trient leaching as a result of improved drainage.
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